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A Review of Strain Capacity Assessment Methods for 

Transmission Pipelines 

 
For many years strain based design concepts have been used in subsea pipelines for both installation and 

service. During installation, reeling strain levels may approach 3%, whilst in service lateral buckling 

requires consideration of both static strain limits and high strain fatigue. In contrast, most onshore 

transmission pipelines have been designed on a stress basis. Some onshore pipelines have been designed 

for a limiting axial strain generated by causes such as seismic activity, frost heave, discontinuous 

permafrost or landslides. Models have been developed to predict the axial strain capacity in both tension 

(usually limited by the girth welds) and compression (where the limit is local buckling of the pipe wall). 

The strain based approach places onerous demands on the linepipe material and the girth welds, but for 

a new pipeline these requirements can be addressed during material specification, procurement and weld 

procedure qualification.  

 

In service monitoring of a pipeline initially designed on a stress basis may reveal that strains approaching 

or exceeding the design level are occurring, or are predicted to occur. The monitoring may be by direct 

measurement, for example using strain gauges or measuring bending strains using an In-Line Inspection 

tool equipped with an Inertial Measurement Unit (IMU). It is also possible to model the response of the 

pipeline to predictions or measurements of ground movement. In all of these cases the pipeline operator 

will have to assess if the pipeline is fit for continued service. 

 

The European Pipeline Research Group (EPRG) has initiated a programme to investigate methods of 

assessing the fitness for purpose of a stress based design pipeline that is found to be experiencing high 

axial strains. As the first part of this programme methods for predicting the compressive and tensile strain 

capacity of steel transmission pipelines were reviewed. This paper presents the results of this initial 

review. 

 

The review has considered the range of validity (pipe diameter, thickness, grade etc.) of the models and 

the inputs required for their application, such as fracture toughness, uniform elongation, weld high – low 

and weld metal mismatch. The results are illustrated by two case studies, one for a typical onshore 

transmission pipeline and a second for a smaller diameter, thicker-walled configuration typical of many 

offshore applications. 
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Introduction 
Strain based design concepts have been applied to subsea pipelines for many years. These approaches are 
required during installation by reeling, where strains may reach levels up to 3%, and in some cases during S-
lay where limited plasticity may occur on the stinger where the deformation is displacement controlled. 
DNVGL-ST-F101 [1] and associated Recommended Practices give guidance for new pipeline designs. In 
recent years strain based design for offshore pipelines has been driven by the problem of lateral buckling in 
service. In many instances it is not possible to prevent lateral buckling of a subsea pipeline (for example by 
trench and burying). Consequently, the subsea industry has adopted an approach of tolerating (and even 
encouraging) lateral buckling.  
 
The majority of onshore transmission pipelines have been designed on a “stress” basis, where the allowable 
longitudinal (axial) stresses are limited, often to a percentage of the allowable design strength. A few onshore 
pipelines have been designed on a “strain” basis, where the longitudinal stress is allowed to exceed yield. The 
design criterion is a limiting longitudinal strain with different limits being applied in tension and in 
compression, as the failure modes are different. For onshore pipelines the design strain loading will usually 
occur in service, such as in areas of extensive ground movement, settlements, mining subsidence or 
discontinuous permafrost. The design earthquake loading at seismic fault crossings may also generate high 
strains.  
 
The strain based approach places onerous demands on the linepipe and the girth welds, but for a new 
pipeline these requirements can be addressed during material specification, procurement and during weld 
procedure qualification. This may result in increased specified properties, for example requiring a high 
initiation fracture toughness, or in additional material testing such as a tearing resistance curve (R-curve) 
test. 
 
In service monitoring of a pipeline may reveal that strains approaching or exceeding the design level are 
occurring, or are predicted to occur. The monitoring may be by direct measurement, for example using strain 
gauges fitted to the pipe surface or measuring bending strains using an In-Line Inspection (ILI) tool equipped 
with an Inertial Measurement Unit (commonly abbreviated as IMU). Alternatively, the strains may be 
estimated by predicting or measuring the ground movement and then modelling the response of the pipeline. 
Pipeline operators will usually adopt a tiered approach to cases of high longitudinal strains, so that as the 
strains increase their response escalates from continued monitoring to immediate remedial action.  
 
Whether high strains are measured directly or predicted, it is necessary to assess whether the pipeline is fit 
for continued service or if, and when, remedial action is required. It may be possible to use, or adapt, 
methods developed for the strain based design of onshore or offshore pipelines to assess a pipeline that was 
originally designed on an allowable stress basis. This may demonstrate that the pipeline is fit for service, or 
alternatively assist in the prioritization and scheduling of remedial action.  
 
Some existing approaches may be usable within a limited range of applicability. Provided certain mechanical 
property requirements are achieved, Tier 2 of the EPRG Guidelines on Weld Defects [2] assumes a maximum 
total strain of 0.5%. This level allows for limited plastic straining beyond the point at which the response 
deviates from linear elastic behaviour. For example, a longitudinal stress of 80% SMYS for L450 material is 
equivalent to a uniaxial elastic strain of 0.17%1, so a strain limit of 0.50% allows a margin for additional 
tensile strain. This extra margin would only be available if the welds satisfied all the requirements for using 
Tier 2 of the Guidelines, such as 40 J average Charpy impact energy.  
 
The European Pipeline Research Group (EPRG) initiated a project (Project 187/2016) to investigate these 
issues. A review of the current state of the art, concentrating on methods that are, or may be, relevant to the 
assessment of stress based design pipelines, has been carried out. This paper presents the results of this 
review, as it will be of assistance to pipeline operators faced with selecting models to calculate the strain 
capacity of an existing pipeline. Compressive and tensile strain capacity models are reviewed and the strain 
capacities of two typical pipelines are calculated with the models for comparison. 
  

                                                           
1 This is a simplification as the axial strain is affected by the Poisson strain from the hoop stress. 
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COMPRESSIVE STRAIN CAPACITY 
 
Overview 

The most widely used approach to assessing compressive strain capacity (CSC) is to determine the 
longitudinal compressive strain associated with the attainment of the peak moment capacity for a pipeline 
subjected primarily to bending induced longitudinal loading or the peak axial load capacity for a pipeline 
subjected primarily to axial compressive loading. However, while the attainment of peak bending or axial 
load is associated with the onset of local buckling of the pipe wall and associated cross-sectional deformation, 
it is not directly associated with loss of containment. Loss of containment requires material failure in the 
form of through wall cracking or tearing of the pipe wall precipitated by high local tensile strains in the 
severely deformed regions of the buckles. This in turn requires overall pipe deformation well beyond that 
associated with attainment of the peak load capacity.  
 
Therefore it follows that the preferred measure of compressive strain capacity would be the longitudinal 
strain level associated with loss of containment. However, empirically validated models for predicting the 
longitudinal compressive strain levels associated with loss of containment are not currently available and 
strain demand estimation beyond the point where the peak axial and/or bending load is attained is difficult 
due to strain localization effects. Hence this review, and current industry practice, focuses on methods for 
assessing the compressive strain capacity as defined by the attainment of the peak load capacity and/or the 
onset of significant local buckling.  
 
It is noted that this limiting condition qualifies as a serviceability limit rather than a true material capacity 
limit as is the case for assessing the tensile capacity. On that basis, consideration could be given to employing 
a different (i.e. less conservative) safety factor when assessing compressive longitudinal strain. However, since 
strains will localise rapidly beyond the limit point it is not clear that using a serviceability limit based on the 
peak load capacity is equivalent to an ultimate limit applied to the actual failure point and loss of 
containment. 
 
The CSC of a pipeline, as controlled by the onset and growth of local buckling, is affected by parameters 
that influence the following: 

 The general susceptibility of the pipe wall to local buckle formation under axial compression as 
influenced by the diameter-to-thickness ratio, D/t; 

 The pipeline’s resistance to growth of the buckle amplitude due to internal pressure (i.e. the 
pressure stiffening effect); 

 The pipe’s resistance to buckle amplitude growth as influenced by the strain-hardening 
characteristics of the pipe material in the longitudinal direction; and 

 The propensity for early onset of buckle formation and accelerated amplitude growth resulting from 
geometric imperfections. 

The capacity prediction models differ both in terms of their general formulation and the degree to which 
they implicitly or explicitly address the factors outlined above. The review has been limited to models 
intended for application to pipelines under bending dominated loading conditions where internal pressure 
exceeds the external pressure, which makes them generally more applicable to onshore buried pipelines. 
Models for bending dominated loading are consistent with strain measurements from ILI tools using high 
resolution IMUs. The discussion provided below draws on information provided in recent studies prepared 
for PRCI [3] and selected model review papers such as [4]. Table 1 summarises the models and the range of 
parameters that they cover, although in some cases the parameter range is not explicitly stated. 
 
A widely cited equation for predicting compressive strain capacity, and the equation that either forms the 
basis for, or informed the development of, many of the models discussed herein, is Gresnigt’s equation [5]. 
This equation calculates a strain capacity corresponding to the attainment of peak bending moment that is 
inversely proportional to the pipe D/t ratio and contains a capacity correction term that accounts for the 
effect of internal pressure. This increases the strain capacity for a net internal pressure and decreases the 
capacity for a net external pressure. Gresnigt’s equation also accounts for the detrimental effect of initial 
pipe ovality, for example due to ground pressure, by using an effective diameter (adjusted for ovality) in the 
D/t term. 
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CSA Z662 

Section C.6.3.3.3 of the Canadian pipeline code CSA Z662 [6] contains a modified version of Gresnigt’s 
equation that ignores initial ovality and caps the strain capacity increasing effect of internal pressure at a 
pressure level equal to 40% of the hoop yield pressure. While the CSA equation does not include terms that 
reflect the strain hardening characteristic of the pipe material or the impact of geometric imperfections, test 
data was used in the model development process and on that basis pipe material properties and geometric 
imperfections are implicitly addressed to some extent in the model. The CSA equation for CSC is given by: 

𝐶𝑆𝐶 = 0.5
𝑡

𝐷
− 0.0025 + 3000 (

𝐷(𝑃 − 𝑃𝑒)

2𝑡𝐸
)

2

   𝑓𝑜𝑟    
𝐷(𝑃 − 𝑃𝑒)

2𝑡𝜎𝑌

< 0.4,   𝑎𝑛𝑑 Equations 1 

𝐶𝑆𝐶 = 0.5
𝑡

𝐷
− 0.0025 + 3000 (

0.4𝜎𝑦

𝐸
)

2

   𝑓𝑜𝑟    
𝐷(𝑃 − 𝑃𝑒)

2𝑡𝜎𝑌

≥ 0.4 

In these equations E is the elastic modulus, typically assumed to be 207 000 N/mm2, σy is the yield strength 
including any temperature derating factor, P is the internal pressure and Pe is the external pressure. The 
equations are valid for P ≥ Pe. 
 
C-FER Technologies 

A joint industry research program carried out by C-FER Technologies produced a capacity prediction 
equation that, like the Gresnigt and CSA equations, is associated with the attainment of peak moment 
capacity and includes terms that account for overall pipe geometry effects via the D/t ratio, pressure stiffening 
via the internal pressure (expressed as a fraction of the hoop yield pressure) and material strain-hardening 
characteristics in the longitudinal direction via a strain-hardening parameter. The C-FER equation for CSC 
as presented in [3] is: 

𝐶𝑆𝐶 = 0.018 [8.5 (
𝑡

𝐷
)

2

+
120 − 𝐷/𝑡

5000
(

𝑃(𝐷 − 2𝑡)

2𝑡𝜎𝑦

)

2

+ 0.0021] (85 − 𝑛) Equation 2 

where n is the exponent in the CSA Z662 version of a Ramberg-Osgood fit to the engineering stress-strain 
curve given by: 

휀 =
𝜎

𝐸
+ (0.005 −

𝜎𝑦

𝐸
) (

𝜎

𝜎𝑦

)

𝑛

 Equation 3 

Reference [3] introduced a variation on the original C-FER model that approximates the strain hardening 
exponent based on the longitudinal yield-to-tensile strength ratio, using a relationship developed by Wang 
et al. [7], which is given by; 

𝑛 =
3.14

1 − 𝜎𝑦/𝜎𝑢

 Equation 4 

The C-FER equation does not include terms that reflect the impact of pipe body geometric imperfections or 
the presence of girth welds, however, all of the test results that were used to calibrate the parametric FEA 
that was the basis for equation development involved specimens containing girth welds. The adverse impacts 
of pipe body geometric imperfections and the presence of girth welds on strain capacity are therefore 
implicitly addressed to some extent by the model. 
 
Also of note is the fact that CSC estimates provided by the C-FER model are intended to represent the 
average compressive strain level over a 1D gauge length at the attainment of peak moment capacity in the 
region of the pipe immediately adjacent to the buckle. The compressive strain capacity predicted by other 
models is typically intended to be interpreted as the average compressive strain over a finite gauge length (i.e. 
1D to 2D) bridging the buckled region. The rationale for the C-FER model development approach was that 
strain capacity demand estimates would typically be established using numerical models that employ beam-
type elements which do not capture buckle formation and therefore do not include the strain amplification 
that would be built into estimates obtained by averaging the compressive strain across the buckle. The C-
FER model capacity estimates can therefore be interpreted to provide conservative estimates of the effective 
compressive strain levels at or across the buckle location at peak moment. 
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DNV-GL 

DNVGL-ST-F101 [1] contains separate compressive strain capacity equations for load-controlled and 
displacement-controlled applications. This review focuses on the equations intended for displacement-
controlled loading conditions and an internal pressure greater than the external pressure, which are generally 
more applicable to onshore buried pipelines.2 These equations, like the Gresnigt, CSA and C-FER equations, 
include terms that account for the effect on capacity of the D/t ratio and the internal pressure (in this case 
expressed as a fraction of the burst pressure). The DNV equations, like the C-FER equation, also include a 
term that accounts for the effect of the strain-hardening characteristics of the steel. In this model the strain 
hardening capability is represented by the yield-to-tensile strength ratio in the longitudinal direction. The 
strain capacity decreases as the yield to tensile ratio increases. The DNV equations also account for the 
detrimental effect on strain capacity of girth welds; this is based on work by Yoosef-Ghodsi et al. [8]. 
 
The compressive strain capacity is given by Equation 5 (with a change of notation and some re-arrangement 
from the form in the standard): 

𝐶𝑆𝐶 = 0.78 (
𝑡

𝐷
− 0.01) [1 +

20

3
(

𝑃𝑖 − 𝑃𝑒

𝑃𝑏

)
2

] (
𝜎𝑦

𝜎𝑢

)
−1.5

𝛼𝑔𝑤𝛼𝑚𝑎𝑡 Equation 5 

This equation has been modified from that in earlier editions in the latest revision [1]. It is valid for 15 ≤ 
D/t ≤ 45; a factor αmat accounts for the shape of the stress-strain curve; αmat = 1.0 unless there is a Lüders 
plateau in the curve. Pi  is the minimum internal pressure that is coincident with the external bending, Pe is 
the external pressure (Pi ≥ Pe ) and Pb is the burst pressure given by: 

𝑃𝑏 =
2𝑡

𝐷 − 𝑡

2

√3
𝑚𝑖𝑛 (𝜎𝑦 ,

𝜎𝑢

1.15
) Equation 6 

and αgw is the girth weld factor (where applicable) given by: 

𝛼𝑔𝑤 = 1.0     𝑓𝑜𝑟 
𝐷

𝑡
≤ 20,   𝑜𝑟 1 − 0.01 (

𝐷

𝑡
− 20)     𝑓𝑜𝑟 20 <  

𝐷

𝑡
< 60    Equation 7 

 
Dorey (University of Alberta) 

Dorey et al. [10] used finite element analyses combined with a dimensional analysis to develop separate strain 
capacity equations for pipes with and without girth welds made from steels that exhibited either a rounded 
stress-strain curve or a distinct yield plateau. Unlike other models, the strain criterion for this model is 
associated with the onset of strain localization as determined by a significant change in the bending stiffness 
of the pipe and the criterion is intended to delineate the pre-buckling region from the post-buckling region. 
The set of four equations that constitute the Dorey model all account for the effect on strain capacity of the 
D/t ratio, internal pressure (expressed as a fraction of the hoop yield pressure) and the yield strength of the 
pipe material.  
 
As formulated, this model indicates that increasing yield strength has a detrimental impact on strain capacity. 
This is directionally consistent with capacity predictions obtained from the C-FER and DNV models in that 
higher strength steels typically have a reduced strain hardening capacity (i.e. a smaller margin between the 
yield and ultimate tensile strength), which is known to adversely affect strain capacity. This effect is captured 
more explicitly in the C-FER and DNV equations via the strain-hardening exponent and the yield-to-tensile 
strength ratio, respectively. Unlike the other models discussed so far, Dorey’s model incorporates terms that 
account explicitly for the magnitude of pipe wall geometric imperfections (for plain pipe) or misalignment 
(for girth welded pipe). In the equations imp is the pipe body imperfection peak to trough height expressed 
as a percentage of the wall thickness and offset is the magnitude of girth weld misalignment measured as an 
absolute value in the same units as the wall thickness. The imperfection in the plain pipe FEA models is a 
single outwards bulge with a maximum height of 30% of the wall thickness. The maximum offset in the girth 
weld models was 3 mm. 
 
The equation for plain pipe having a rounded stress-strain curve is: 

𝐶𝑆𝐶 = (
2.94

𝐷 𝑡⁄
)

1.59

[
0.01

1 − 0.868(𝑃 𝑃𝑦⁄ )
] (

𝐸

𝜎𝑦

)

0.854

[1.27 − (
𝑖𝑚𝑝

100
)

0.15

] Equation 8 

                                                           
2 The DNV-GL load controlled equation and its derivation can be found in [9]. 
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The equation for girth welded pipe having a rounded stress-strain curve is: 

𝐶𝑆𝐶 = (
8.99

𝐷 𝑡⁄
)

1.72

[
0.01

1 − 0.892(𝑃 𝑃𝑦⁄ )
] (

𝐸

𝜎𝑦

)

0.701

[1.09 − (
𝑜𝑓𝑓𝑠𝑒𝑡

𝑡
)

0.0863

] Equation 9 

Similar equations are given in [10] for materials exhibiting a yield plateau. 
 
CRES CSC Model 

The Center for Reliable Energy Systems (CRES) developed a strain capacity model with support from the 
US DoT PHMSA [11]. It is based on parametric finite element analysis calibrated to public domain test data. 
The calibration data are summarised in Appendix C of [11]; 40 results from tests carried out in North 
America, Europe and Japan were used. Being the most recent model, the development process benefited 
from calibration using a larger experimental data set than that available for the development of any of the 
other models. The full equations are too complex for presentation in this paper; the report should be 
consulted for details. 
 
Like all of the other models, the CRES model includes terms that account for the effects of D/t and internal 
pressure (expressed as a fraction of the hoop yield pressure). Like the C-FER and DNV models it incorporates 
a term that accounts for the strain hardening characteristic of the steel as represented by the longitudinal 
yield-to-tensile strength ratio and like the Dorey equations it incorporates a term that differentiates between 
pipe exhibiting a rounded stress-strain curve and a distinct yield plateau. The CRES model accounts for the 
impact of geometric imperfections through a term that incorporates the peak-to-valley amplitude of regular 
pipe surface undulations. This is a different form of imperfection from that in Dorey model. Unlike other 
models, the CRES equation incorporates an additional term that accounts for the effect of net axial force, 
increasing the capacity if the net force is tensile and decreasing the capacity if compressive.  
 
Comparison of CSC Model Performance 

Based on a comparison of predicted strain capacities with the capacities obtained from large-scale tests, 
Yoosef-Ghodsi [12] stated that the CSA, C-FER and original DNV3 models generally produce conservative 
strain capacity predictions. However, the review notes that these models can produce non-conservative 
predictions for high pressure, high strength pipelines and that the original DNV equation can produce non-
conservative predictions for unpressurized pipes. Another comparative model assessment by Yoosef-Ghodsi 
et al. [13], which evaluated the Gresnigt, CSA, C-FER, original DNV and Dorey models, concluded that, for 
pressurized onshore pipelines, the C-FER and Dorey equations provided capacity estimates that most 
consistently avoided non-conservatism. 
 
Zhang et al. [4] also carried out a model comparison exercise in which the predictive capability of all of the 
models discussed above was evaluated statistically using a database of 61 tests. The tests used in the model 
comparison included pipe specimens with diameters ranging from 168 to 1,220 mm manufactured from 
steel grades ranging from X52 to X100, with two-thirds of the specimens being manufactured from pipe 
grades in the X52 to X70 range. 
 
With specific regard to the statistics, the comparative evaluation by Zhang et al. [4] indicates that the CSA 
and C-FER equations on average produced conservative strain capacity estimates whereas the Dorey and 
CRES models produced capacity estimates that were, on average, in much closer agreement with the test 
results. The findings further suggest that in addition to being the most accurate (i.e. lacking a significant 
conservative or non-conservative prediction bias), the Dorey and CRES models also exhibit the least amount 
of prediction ratio variability, as expressed by the coefficient of variation (cov) associated with the test-to-
predicted ratios. In general, the preferred model is the one that exhibits the least scatter (i.e. smallest cov) in 
the test-to-predicted ratio, since bias in the average predictions can be accounted for by incorporating a 
multiplicative correction factor. Note that the findings regarding the DNV model should be interpreted with 
caution due to the very limited data set against which that model was evaluated. 
 
The findings of the model comparison exercise by Zhang et al. [4] indicate a strong correlation between the 
predictive capability of the model and the number of parameters explicitly considered in the model. This 
favours the use of the Dorey or CRES models, which incorporate the greatest number of input parameters. 
However, in situations where some of the inputs are not available their use is problematic, as the user will 
                                                           
3 This is different from Equation 5 which is the version in the recent (October 2017) revision.  
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have to make assumptions for missing inputs. To some extent, this issue was encountered in the comparison 
exercise carried out by Zhang et al. [4] in that not all of the required model inputs were available for some 
tests. In particular, to enable model comparisons with a larger number of tests, assumptions were made by 
Zhang et al. [4] regarding the magnitude of geometric imperfection in the pipe body and the magnitude of 
high-low misalignment at girth welds. The model accuracy comparisons they provide and the inferences that 
can be drawn from them, are to some extent coloured by the input assumptions that were made. 
 
Also, as discussed earlier, compressive strain capacity predictions and supporting test results are usually 
meant to be interpreted as the average compressive strains associated with a finite gauge length on the order 
of 1D to 2D and typically that gauge length bridges the buckle region. Analysis has demonstrated that strain 
capacity estimates are sensitive to both gauge length and gauge length location relative to the buckle region 
(i.e. bridging the buckle or adjacent to the buckle). Given this, model predictions should only be compared 
to test results for which the strain at peak moment capacity is measured over a comparable gauge length at a 
comparable gauge location. Gauge lengths and gauge locations are not provided for the test results that 
formed the basis for the model comparison exercise by Zhang et al. [4] and it is therefore not clear to what 
extent gauge length and location differences between experimental data sets and between prediction models 
influenced the reported findings. On that basis, the findings reported by Zhang et al. [4], while providing 
valuable insights, should be interpreted and applied with caution. 
 
Lastly, if the analysis approach used to calculate strain demand involves numerical analysis using beam-type 
elements, which does not capture buckle formation and does not include the strain amplification that would 
be built into estimates obtained by averaging the compressive strain across the buckle, then demand estimates 
so obtained should not be used in combination with strain capacity prediction models that predict the 
average strain capacity over a finite gauge length bridging the buckle. As previously noted, the C-FER model 
predicts strain capacity as defined by the average compressive strain over a 1D gauge length immediately 
adjacent to the buckle where strain localization does not occur and on that basis compressive strain capacity 
estimates obtained from the C-FER model may be more appropriate for use with such a strain demand 
model. 
 
 
TENSILE STRAIN CAPACITY 
 
Overview 

It is generally accepted that the tensile strain capacity (TSC) of a pipeline is limited by the capacity of the 
girth welds, due to the combined effects of: 

 The lower fracture toughness of a weldment (either the weld metal or the heat affected zone 
[HAZ]) compared to that of the parent metal.  

 The possible presence of weaker (undermatched) weld metal and / or softened HAZs, particularly 
in very high strength steels such as grade L690. 

 The possible presence of flaws or imperfections in the weld. Although tolerable flaw sizes may 
have been defined for the applied strain, depending on the performance of the inspection system 
and inspectors’ performance it is possible that defects may not have been detected or that defects 
within the acceptance limits were incorrectly sized. 

Hence industry practice defines the tensile strain capacity of a pipeline by considering a girth weld containing 
imperfections, usually planar or crack like features. An overall summary table of the range of application and 
the inputs for the main TSC estimation methods is given in Table 2. The latest (2015) edition of CSA Z662 
[6] gives general guidance in Section C.6.3.1 but does not include a specific TSC calculation method. 
 
EPRG Weld Defect Guidelines 

EPRG originally published guidelines on the assessment of defects in transmission pipeline girth welds in 
1996 and a revised version was published in 2015 [2]. The guidelines use a three Tier approach; only Tier 2 
is discussed here as this uses a strain limit rather than a stress based limit. 
 
Tier 2 requires Charpy impact energies in the weldment of 30 J minimum individual, 40 J average in a full 
sized specimen. The weld must overmatch the parent metal strength, which ensures that defects in the weld 
are “shielded” from large strains as the parent material should yield before the weld metal. The maximum 
allowable axial loading is a strain of 0.5%; there is no limit on the longitudinal stress, provided the strain is 
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below this maximum. The allowable defect lengths are a function of the through wall height up to a 
maximum height of 5 mm. For a 3 mm high defect, the allowable length is seven times the wall thickness; 
Table 3 gives the allowable lengths for greater heights. The Y/T ratio of the parent plate is limited to a 
maximum value of 0.90 when measured in the longitudinal direction.  
 
Tier 2 was based on the analysis of a large database of curved wide plate test results, and the limits of 
applicability are related to the limits of the underlying data [2]. Although the basis is a simple plastic collapse 
model for a surface crack in a flat plate, the actual defect size limits are empirical and so it is not possible to 
extend the approach beyond the stated limits.  
 
The strain limit of 0.5% for using Tier 2 gives scope for application to a stress based design where 
longitudinal strains are found to be below this limit. Such an application would require the weld procedure 
to achieve the Charpy energy requirements and also satisfy the requirements for weld metal strength 
overmatching. This may be possible for an existing pipeline if the material and weld procedure qualification 
records are available, and the construction records show that the defect acceptance criteria satisfied the Tier 
2 limits. The Dutch standard for steel pipelines [14] has effectively extended the strain limit of the EPRG 
approach for grades L360 (X52) and below to 0.7%. 
 
BS 7910 and API 579 

BS 7910 [15] does not currently contain any specific procedures for strain based assessments, although BSi 
Committee WEE/37 that is responsible for the standard has a group developing recommendations. Details 
of these are not currently available, but it would be expected that any procedures will be within the FAD 
framework as is currently used for fracture assessments. In principle the DNVGL-RP-F108 [16] approach of 
estimating the primary stress from the stress – strain curve at the remote strain of interest could be used with 
the current edition. 
 
There are no fracture assessment methods for strain based assessment of cracks in the 2016 edition of API 
579 [17]. The DNVGL-RP-F108 approach could be used with the crack assessment methods of Section 9 of 
API 579, as the methods are based on a FAD approach and are very similar to those of BS 7910. The API 
579 Level 3A FAD line is identical to the BS 7910 Option 2 line, so that similar results would be expected. 
 
DNVGL-ST-F101 and DNVGL-RP-F108 

Welds satisfying the requirements of Appendices D and E of DNVGL-ST-F101 [1] are acceptable without 
further analysis if the maximum longitudinal strain is less than 0.4%. The defect acceptance requirements 
of Appendix D are more restrictive than the typical (see [18] for example) girth weld workmanship length 
limits of 25 mm for surface planar features and 50 mm for embedded planar features. The maximum 
allowable lengths become 1 * thickness for surface defects and 2 * thickness for embedded defects, with 
maximum length limits of 25 mm and 50 mm respectively. The welds have to satisfy the same Charpy energy 
requirements as for the parent material, but without applying the additional supplementary requirements 
“F” for crack arrest.  
 
The 2017 edition of DNVGL-RP-F108 [16] revises the guidance given in Annex A of the 2013 edition of 
OS-F101 and the previous edition of RP-F108. Defect assessment for strains above 0.4% is based on using 
BS 7910 with the primary membrane stress derived from the material stress-strain curve at the strain of 
interest. Other changes to the basic BS 7910 requirements include a Neuber notch plasticity analysis to 
determine the primary bending stress due to weld misalignment and the omission of the Mk weld geometry 
factor at strains over 0.4%. Resistance curve testing is used to define the fracture toughness; the use of 
correlations between Charpy energy and fracture toughness is specifically prohibited. The requirements for 
verification by full scale or strip specimen testing have been relaxed in the new edition, so that this is only 
required for new applications or where there is uncertainty in the results. 
 
Strain Based FAD 

An alternative to a stress based assessment is a strain based FAD [19]. The main differences from the 
conventional stress based FAD approach is that the equations defining the assessment curve are changed 
and the load ratio Lr which defines the proximity to plastic collapse is replaced by a strain ratio, denoted by 
the symbol Dr. Ignoring secondary (or residual) strains, Dr is defined as the ratio of an imposed or reference 
primary strain at the crack position, εpref to the yield strain εy: 
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𝐷𝑟 =
휀𝑟𝑒𝑓

𝑝

휀𝑦

 Equation 10 

To resolve difficulties with obtaining the reference strain, Budden and Ainsworth argued [19] that for “small” 
cracks the reference strain can be taken as the applied strain at the crack position in the uncracked body. 
Small cracks were defined as having a through wall height less than about 20% of the thickness. A cut-off 
value of Dr, Drmax, was imposed in an analogous manner to the Lrmax cut-off in the stress based approach, in 
order to prevent failure by plastic collapse: 

𝐷𝑟𝑚𝑎𝑥 =
휀𝑓𝑙𝑜𝑤

휀𝑦

 Equation 11 

Although it was conceded that in a true strain controlled situation plastic collapse should not occur until 
strain levels were comparable to the uniform elongation, for conservatism Drmax is set using εflow defined as 
the uniaxial strain at the flow stress on the true stress-strain curve. For most linepipe Lrmax usually occurs at 
Lr values less than about 1.2, but depending on the degree of work hardening Drmax values will be substantially 
greater than 1.  
 
The definition of the load ratio Kr remains the same in this approach as in the stress based approaches, 
except that the stress used to evaluate the primary stress intensity factor is obtained from the material’s stress-
strain curve at the reference strain εpref. Note that this is different from the conventional stress based FAD 
where the stress used to evaluate KP is the nominal applied stress, not the reference stress. Generic and 
material dependent FADs were defined in an analogous manner to the Option 1 and Option 2 stress based 
FADs. 
 
Figure 1 shows Option 1 and 2 FADs calculated using the equations in [19]. The Option 2 FAD is calculated 
for a grade L450 material assuming power law hardening behaviour based on the specification minimum 
strengths and the BS 7910, section 7.1.3.5 estimation method for the constant and exponent. A feature of 
the strain based Option 2 FAD is the vertical discontinuity at Dr = 1. This is due to the transition from small 
scale yielding, where plasticity is confined to the vicinity of the crack tip, to large scale yielding where there 
is extensive plasticity. An assessment point is shown in Figure 1 (pink dot) for a 3 mm high, 25 mm long 
external surface breaking circumferential crack in a DN 900, 12.7 mm nominal wall thickness pipe. This 
defect size is a typical size that would be acceptable on a workmanship basis. The material fracture toughness 
is assumed to be a CTOD value of 0.25 mm converted to Kmat = 205 MPa√m using 7.1.4.6 of BS 7910 and 
a conservative constraint factor of 1.5. The applied tensile strain is 1.0%, giving a strain ratio Dr = 2.40 as 
the yield strain is the 0.2% proof strain. In this case the defect is acceptable if there are no residual (secondary) 
strains present. 
 
In contrast to the stress based approach where residual stress only affects the calculation of the fracture ratio 
Kr, in the strain based FAD secondary strains are also included in the Dr calculation as an addition to the 
imposed primary strain. Ainsworth et al. [20] give details of the steps required to include secondary strains.  
 
Figure 1 shows the assessment point, where a secondary strain equal to the elastic yield strain (σy/E) has been 
included in the assessment (green square), moving the point from Dr = 2.4 to Dr = 2.9  and increasing Kr. 
Note that the increase in Dr is not 1.0 as the residual strain is the elastic yield strain which is less than the 
0.2% proof strain. When secondary strains are included, the defect is predicted to fail using the Option 1 
FAD but is just acceptable using the material specific Option 2 FAD. In this case including the secondary 
strain has a large effect on the assessment due to the assumed fracture toughness; this is relatively low 
compared with that which might be expected from a modern linepipe or girth weld. Hence the secondary 
stress derived from the secondary strain uses a large proportion of the fracture resistance. Under primary 
strain loading only, the critical strain is 3.1% using the Option 2 FAD. 
 
ExxonMobil Girth Weld TSC Model 

ExxonMobil has had an extensive multi-year research programme developing methods to predict the tensile 
strain capacity (TSC) of pipelines. The latest version of the approach is given in [21]; this reference gives 
details of the background to the development and references to earlier versions. It also includes a statistical 
analysis which can be used to estimate the failure probability. Development of the model has used both 
numerical modelling and full scale testing covering pipe diameters up to 1219 mm, thicknesses up to 36 mm 
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and girth weld misalignment up to 4.3 mm. The capacity assuming a hoop stress of 80% of SMYS, TSC0.8, 
is given by: 

𝑇𝑆𝐶0.8 =
[𝜙(𝑁, 𝐾
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 Equation 12 

The variables a, l, D, t and e are the crack height, crack total length, pipe diameter and thickness and the 
weld misalignment. The material stress-strain behaviour is a power law hardening curve with an exponent N 
and constant K; these are defined as functions of the uniform elongation and the yield to tensile ratio. Some 
of the numerical modelling work leading to Equation 12 included a Luders strain in the stress-strain 
behaviour, and the final model includes this through a yield strain. The material properties also include the 
weld metal overmatch λ, which is defined using the tensile strength of the parent pipe and the weld metal. 
Positive values correspond to an overmatched weld, negative to an undermatched weld. The weld fracture 
toughness is δ1mm, the CTOD at 1 mm of tearing in a conventional power law R-curve. The constants C1 to 
C8 were determined in the curve fitting process and a further 34 fitted constants define the function ϕ. 
 
The term ϕ  is a function of the linepipe stress-strain properties, the weld overmatch and misalignment. The 
linepipe stress-strain properties should be measured in the longitudinal direction, and the weld metal 
overmatch using a round bar all weld metal specimen. For a fixed stress strain curve and defect and pipe 
dimensions, ϕ is constant and so Equation 12 predicts that the tensile strain capacity is linearly proportional 
to the toughness value δ1mm. The fracture toughness is not measured using the normal SENB specimen, but 
using a low constraint SENT test specimen geometry. 
 
The coefficients in Equation 12 were obtained by fitting to the results of non-linear finite element analyses 
which included the effects of ductile tearing by using a ductile damage mechanics model to simulate crack 
advance. Allowing for some ductile tearing after crack initiation increases the strain bearing capacity, as 
further strain is required to grow the crack beyond the point of the initiation of tearing. After fitting, the 
equation was then validated against a total of 93 full scale tests. 
 
This TSC equation explicitly quantifies the effects of weld metal mismatch and misalignment. The 
misalignment is assumed to be between pipes of equal nominal thickness; thickness transitions are not 
included. It is not clear whether “misalignment” is intended to account for manufacturing wall thickness 
tolerances relative to the nominal thickness in addition to high-low measured at the outer surface. The 
conservative approach would be to calculate the misalignment based on the maximum high-low combined 
with the worst case difference in wall thickness. 
 
The equation does not distinguish between surface breaking and embedded defects, although the strain 
capacity predicted by the numerical damage mechanics model was not sensitive to the location of a surface 
breaking defect on either the inner or outer surface. It is assumed that the predictions from the model are 
applicable to both surface breaking and embedded defects. Welding residual stress is not explicitly included 
in the predictive equation and, although the descriptions are not clear, the damage mechanics modelling 
also does not appear to have included residual stress. The full scale tests used for calibration of the models 
and validation would have included welding residual stresses.  
 
The model includes a pressure correction which increases the capacity when the hoop stress is below 40% 
SMYS. Above this level the prediction from Equation 12 is not modified for the internal pressure. The final 
calculated tensile strain capacity is capped at 2/3 of the uniform elongation. 
 
The basic model is a mean fit to the finite element models and test results. For integrity assessments, a lower 
bound result or an estimate of the uncertainty is preferable. Reference [21] reanalysed ExxonMobil’s 
proprietary full scale test data set and then derived a lower bound at the 5% level (i.e. there is a 5% probability 
of the tensile strain capacity being less than that predicted). This is obtained by multiplying the predicted 
TSC from Equation 12 (including any correction for a low internal pressure) by a factor of 0.53. 
Unfortunately guidance is not explicitly given on estimating safety factors for other probability levels. The 
overall mean and standard deviation of the ratio of predicted TSC to measured TSC are given as 1.12 and 
0.41 respectively, and the best fit distribution is stated to be a gamma distribution. These statistics could be 
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used to estimate overall safety factors at other failure probabilities. It would be necessary to carry out 
sensitivity studies to determine the impact of the variability of individual inputs on the TSC for a particular 
pipeline. 
 
The model was recently extended in [22] to include interaction rules for closely spaced defects. Based on full 
scale tests on DN 400 15.9 mm wall thickness X60 pipe, it was considered that the BS 7910 interaction rules 
were potentially unsafe under high strain conditions. This conclusion was based on the 1999 edition of the 
BS, where interaction was considered to occur only if the defects were touching; these rules have 
subsequently been changed in the 2013 edition [15], although the current edition’s interaction rules would 
also have predicted no interaction for all the tests in [22]. It was considered that the API 1104 Annex A [18] 
interaction rules were over conservative for closely spaced flaws but non-conservative at wider spacing. An 
alternative interaction criterion was developed using the results of a numerical modelling programme. The 
criterion uses an effective height and length; details are given in [22], where it is stated that the criterion is 
insensitive to the material stress – strain curve, weld metal overmatch and the characteristic toughness δ1mm. 
 
CRES TSC Model 

The Centre for Reliable Energy Systems (CRES) in the USA developed a TSC model in a series of 
programmes funded by PRCI and DoT PHMSA; the most recent version of the model is [23]. The basic 
strain capacity was defined for a hoop stress design factor of 0.72 and a reference thickness of 15.9 mm. The 
basic or reference strain capacity εf is defined as a function of an “apparent CTOD” δA. The TSC is obtained 
from the reference strain capacity by applying a factor which accounts for thickness changes from the 
reference, and a pressure correction which increases the strain capacity for design factors below 0.6. 
 
The reference strain capacity is defined by: 

휀𝑓 = 𝐴
(𝐶𝛿𝐴)𝐵𝛿𝐴

𝐷

1 + (𝐶𝛿𝐴)𝐵𝛿𝐴
𝐷  Equation 13 

The terms A, B, C and D are complex fitted functions of the geometry and the material properties. The 
geometric inputs to these terms are the normalized crack height and length (normalized by the thickness 
rather than the circumference) and the normalized “high-low misalignment” at the weld. The material inputs 
are the weld metal strength mismatch, defined in the same way as in the ExxonMobil model as the ratio of 
the weld metal tensile strength to the parent metal tensile strength, and the parent metal yield to tensile 
strength ratio. 
 
There are two definitions of the terms A to D, one for narrow gap welding processes (mechanized GMAW) 
and one for FCAW or SMAW which use a conventional bevel preparation. The forms of the equations and 
the fitted constants differ for the two cases. The thickness correction factor is a function of the (absolute) 
thickness in mm and the “high-low misalignment” relative to the thickness, and the pressure correction 
factor is a function of the design factor if below 60% SMYS; above this there is no correction up to a 
maximum design factor of 80%.  
 
The apparent toughness is a concept intended to account for the loss of crack tip constraint in thin walled 
structures such as pipelines that are loaded predominantly in tension. It is estimated from either Charpy 
energy, conventional deep notched SENB fracture toughness test results or a R-curve. The apparent 
toughness is limited to a maximum of 1.2 mm when estimated from Charpy data. If an upper shelf CTOD 
fracture toughness has been measured using the standard deep notch SENB specimen, the apparent CTOD 
toughness is obtained by applying a multiplier in the range 1.5 to 2.0, with a recommended default value of 
1.75. There is no upper limit on the apparent toughness level in this case. If a CTOD R-curve is available, 
the apparent CTOD can be estimated directly at a crack extension in the range 0.5 mm to 1.0 mm. The 
crack extension is found by linear interpolation over the range of wall thickness 12.7 mm to 25.4 mm. 
 
A four level framework is proposed: 

 Level 1 uses a set of look up tables where the TSC is calculated to the nearest 0.1% for a range of 
Y/T ratios and misalignments, wall thicknesses of 12.7 mm, 19.1 mm and 25.4 mm and defect 
lengths of 25 mm and 50 mm (API 1104 workmanship limits). The apparent CTOD toughness is 
estimated from the Charpy energy. 

 Level 2 uses the equations with an apparent toughness estimated either from the Charpy energy or 
from a high constraint SENB fracture toughness specimen.  
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 Level 3 has two options. In both cases the fracture toughness is a low constraint value. 
o Level 3a is an initiation analysis using a low constraint apparent toughness. 
o Level 3b is a ductile tearing analysis, where the crack driving force, as apparent CTOD, is 

estimated as a function of crack extension by solving the TSC equations for a fixed value 
of strain. This curve is plotted with the R-curve and the critical strain level is when the 
driving force curve is tangential to the R-curve. 

 Level 4 is a full non-linear cracked body numerical analysis which does not use Equation 13. 
 
University of Gent TSC Model 

This model [24], [25] is based on a semi-empirical analysis of the results from curved wide plate tests of 
pipeline girth welds containing defects. It is an extension of the approach used to develop Tier 2 of the 
EPRG Weld Defect Guidelines, where the strain at failure is plotted against a dimensionless defect area. The 
extension to higher longitudinal strains is based on the observation from the University of Gent’s database 
of wide plate test results that the failure strain increases as the dimensionless defect area decreases, as shown 
in Figure 2 . Indeed, in the limit of a defect free overmatched weld the tolerable strain should be equal to 
the uniform elongation of the parent pipe, leading to the diagonal sloping line Y – X in Figure 2. If Y/T is 
limited to a maximum of 0.90, no points fall below the diagonal line. The point X is defined at a strain of 
0.5% and a defect area of 0.05, the stress based design point (see [2]). The point Y is set at the uniform 
elongation, in this case assumed to be 5%. There has been no validation of this model against full scale pipe 
test results, and the only pressure correction factor is a value 0.5 for all pressures [26]. 
 
The EPRG Weld Defect Guidelines and the data in Figure 2 are based on a Charpy energy of 30 J minimum, 
40 J average. For conservatism these limits were doubled in the final TSC model, and the higher values have 
been used in the comparisons in this paper. The higher values would prevent the model being used for many 
existing pipelines, both new construction and older lines.  
 
 
COMPARISON OF CAPACITY MODELS 
A CSC model for a specific pipeline design (dimensions and material properties) gives a single value of the 
capacity, although this may depend on assumptions for additional factors such as geometric imperfections 
or weld misalignment. The CSC models can be compared by considering the accuracy of their predictions 
with experimental results. This is in contrast to the TSC models, where the strain capacity for a specific 
pipeline also depends on the crack dimensions. 
 
Range of Inputs 

Table 2 shows that there are limits on the range of thickness for which some of the TSC models are valid. 
These models are generally the pipeline specific models such as the CRES and ExxonMobil models; the 
limits reflect the ranges covered during model development. These can be relaxed if project specific testing 
is carried out. These limits will restrict the application of these models to existing pipelines; many existing 
pipelines have a thickness below the lower limit of 12.7 mm. Full scale testing to validate the models for an 
existing thin walled pipeline would require the extraction of material, which is unlikely to be practical in 
many cases.  
 
The summary in Table 1 shows that there are fewer restrictions on the range of geometry for the CSC models; 
the main limit is on the D/t ratio. In particular, the DNVGL equation could not be used for many onshore 
pipelines where D/t is greater than 45. Zhang’s comparison study [4] covered a wide range of pipe diameters, 
from DN 150 to DN 1200, suggesting that diameter is not a major restriction. 
 
Tables 1 and 2 show that there are also limits on the material grades, typically limiting the range to L360 to 
L555 (X52 to X80). Whilst the upper limit is unlikely to present a problem for assessing an existing pipeline 
(or for many designs of new pipelines), the lower limit would prevent the use of the models for existing low 
strength pipelines. It would be expected that low strength materials might have a better TSC than high 
strength, as the stress (and hence the driving force for fracture) generated by a specified strain will be lower 
in a low strength material. Thus the TSC models may be appropriate for lower grades, but further work is 
required to assess this; the limit may only be that of the range of materials used for model validation. 
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Tensile Properties 

The yield to tensile ratio (Y/T) is a specific input to some models, and also is a limit on the range of 
application of other models; see Table 1 and Table 2. An upper bound Y/T will be conservative and can be 
taken from the linepipe specification, or from material certificates if they are available. It should be noted 
that the strain hardening exponent, Y/T and uniform elongation are interrelated through the stress-strain 
curve. This may be through empirical relations such as Equation 4 (or the very similar Equation 7 of BS 
7910), or through the model used for the stress-strain curve. If a power law curve is assumed to pass through 
one point at the yield strength and strain and another point defined by the tensile strength and uniform 
elongation, the exponent is uniquely defined (see also for example Equations 5 and 6 of BS 7910) 
 
Many of the CSC and TSC models use the uniform elongation as an input, or as an upper bound on the 
calculated strain capacity. This is because it represents the onset of strain localization and instability. The 
uniform elongation is not routinely measured and is unlikely to be available for an existing pipeline. Section 
7.1.3.5 of BS 7910 recommends assuming a lower bound value of 5% if measured data are not available. 
Equation A.13 of Annex A of API 1104 [18] estimates the UEL from the yield strength, although the 
University of Gent review in [27] shows that the API approach is not a lower bound for L415 and stronger 
material, especially at high Y/T. The Gent review provides an alternative lower bound estimation method 
based on the yield strength. This suggests that the BS 7910 recommendation of 5% as a lower bound may 
be non-conservative for L485 and stronger materials.  
 
The strain capacity models are based on properties measured in the longitudinal direction. However, with 
the exception of seamless pipe, the tensile properties of linepipe are conventionally specified and measured 
in the hoop direction, which takes no account of anisotropy in the properties. For a new pipeline the 
longitudinal properties can be specified and measured during production. The pipeline designer will be 
responsible for specifying the material properties.  
 
For an existing pipeline constructed from welded pipe, it is unlikely that longitudinal properties will be 
available. Unless it is possible to extract material for testing, it will be necessary to estimate these properties 
using correlations that take account of the material anisotropy and also the effects of the specimen type. 
EPRG studies [28] show that the degree of anisotropy varies with the pipe type and the strength level. For 
UOE pipe the longitudinal yield strength is generally below the transverse yield strength, which will be 
beneficial for the strain capacity. For spiral welded pipe and EW pipe the anisotropy is less. Reference [28] 
also shows the effect of test specimen type (round bar or flat strip) on the measured strengths, and the 
anisotropy in the tensile strength and the Y/T ratio. 
 
The properties of seamless pipe are usually measured in the longitudinal direction, and it is usually assumed 
that due to the manufacturing process the properties are isotropic. This will simplify the high strain 
assessment of pipelines constructed from seamless pipe. Anisotropy has been seen in very high strength 
(above grade 620 or X90) hot rolled seamless pipe [28], but this is unlikely to be an issue for existing pipelines. 
 
Fracture Toughness 

With the exception of the EPRG Weld Defect Guidelines, all of the TSC estimation methods require the 
fracture toughness as an input. In some cases this is a “high constraint” value measured using the standard 
deep notched SENB specimen, whilst in others it is a low constraint value obtained from a tension loaded 
specimen. R-curves are required for some methods. It is straightforward to specify the required testing during 
weld procedure qualification for a new pipeline. Some modern pipelines welded using mechanized GMAW 
and inspected using AUT will also have generated fracture toughness data when deriving tolerable defect 
sizes, although this is likely to be an initiation toughness measured using the deep notch SENB specimen.  
 
For most existing pipelines the only available measure of “toughness” will be Charpy energy. This would 
restrict the assessment of an existing pipeline to a strain of 0.5% using the EPRG guidelines, unless the 
CRES method is used and the apparent toughness is estimated from the Charpy energy. The University of 
Gent TSC model can also be used when only Charpy energy is available, although the required energy is 
higher than that for the EPRG guidelines, but the comparison in Figure 3 suggests that this method requires 
further development. 
 
The correlations between Charpy energy and fracture toughness given in Section 9F of API 579 [17] could 
potentially be used to estimate the fracture toughness for use with other models, although fracture toughness 
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values in the ductile-brittle transition region may lead to a low TSC. Other correlations between the upper 
shelf Charpy energy and the R-curve are available, but work is needed to ensure they are appropriate for 
weldments in high strength linepipe. 
 
Further work is required to determine if the minimum δ1mm  value of 0.5 mm suggested in [29] can be used 
for assessing old low grade pipelines. As noted above, the underlying database supporting this value is 
unlikely to contain results for old or low grade pipeline welds. In addition, to use this value the other weld 
material property requirements of the proposed new API 1104 Annex should also be satisfied. 
 
Weld Properties 

The models that specifically calculate the TSC require an overmatched weld; see Table 2. In some cases the 
calculated TSC is a function of the level of overmatch, in others it is only a requirement that the weld is 
overmatching. In a new pipeline it will be possible to ensure overmatching, possibly to the extent of ensuring 
all welds achieve a specified level of overmatch. To ensure overmatching in all cases it may be necessary to 
control the range of longitudinal strengths in the parent pipes to avoid using a very high strength weld 
consumable. For an existing pipeline it is unlikely that it will be possible to quantify the level of mismatch, 
and it may be difficult to guarantee that all girth welds are overmatching, especially if there are no upper 
limits on the strength of the parent material. This may limit the models that can be used for an assessment, 
or it may have to be assumed that the overmatch is at the minimum allowed by the model. 
 
Girth weld misalignment is an input to some TSC models and DNVGL-RP-F108 [16] includes the stress 
concentrating effects through a notch plasticity analysis based on the elastic stress concentration factor. 
Annex D of BS 7910 [15] and DNVGL-RP-F108 [16] give methods of calculating the elastic stress 
concentration as a function of the misalignment of the centrelines of the sections. The Dorey and CRES 
CSC models also explicitly include weld misalignment as an input, as the misalignment acts as an initial 
geometric imperfection. 
 
For a new pipeline it is possible to control the misalignment by tight tolerances on wall thickness, diameter 
and out of roundness combined with control over the fit-up during girth welding. In extreme cases such as 
catenary risers the pipe ends are machined to minimize misalignment. When assessing an existing pipeline 
it may be necessary to assume a worst case misalignment based on the welding code and the range of wall 
thickness. In an existing pipeline it should be possible to measure the internal high – low using a high 
resolution geometry pig. This may require additional data analysis if the high – low is not routinely reported 
from the raw data. 
 
CASE STUDIES 
Two pipelines have been analysed to demonstrate the application of the capacity models and compare their 
predictions. One case is a typical onshore buried gas transmission pipeline, whilst the other is typical of an 
offshore pipeline. Both use material properties typical of grade L450 material; specification minimum 
strengths are assumed to apply in the longitudinal direction. 
 
 Onshore: 

o DN 900 (914 mm outside diameter)  
o Nominal wall thickness 12.7 mm 
o Internal pressure of 9.6 MPa, giving a design factor 77% and a typical MAOP for ANSI #600 

fittings. 
 Offshore: 

o DN 300 (324 mm outside diameter) 
o Nominal wall thickness 15.9 mm 
o Internal pressures of 15 MPa and 31.8 MPa. The lower pressure is typical of the maximum 

allowable pressure for ANSI #900 fittings, whilst the higher pressure gives a design factor of 
72% SMYS. This pressure is of the same order as the shut-in pressure for a 5000 psi wellhead. 

 Stress – strain curve shape  – “rounded” without a yield plateau 
 Uniform elongation 7% based on the lower bound recommendation of [27]; Equation A.13 of Annex 

A of API 1104 gives a higher value, 10.7%. 
 Full size Charpy impact energy 80 J, the average requirement for the University of Gent model. 
 CTOD toughness measured using a standard deep notch bend specimen of 0.25 mm. 
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 An external circumferential surface breaking crack of 3 mm height is present; this height is that assumed 
in the 1996 edition of the EPRG weld defect guidelines [2] and is generally accepted as a representative 
conservative height for a weld defect in a single pass. 

 Total crack lengths up to 150 mm. 
 Weld high – low 1 mm; no account was taken of any additional effects of wall thickness tolerances on 

the centreline misalignment. 
 Weld metal strength mismatch 1.15; this is the lowest value that the ExxonMobil model can use at 

Option 1 (Table 2). 
 No account is taken of weld geometry effects such as the “Mk factor” used in BS 7910. 

The specific inputs and assumptions for each method were: 
 DNV CSC prediction – the predictions used the new (October 2017) DNVGL-ST-F101 [1]. 
 Dorey (University of Alberta) CSC – the geometric imperfection was assumed to be 5% of the thickness. 
 Strain Based FAD – A material fracture toughness (Kmat = 205 MPa√m) was estimated from the assumed 

CTOD of 0.25 mm. The stress raising effect of weld high – low was not included in this assessment, as 
although the resulting bending strain could be calculated using the Neuber notch approach of DNV-
RP-F108 [16], the bending stress is dependent on the remote strain and so a complex iterative approach 
would be required to determine the allowable strain at each crack length. Stress intensity factors were 
evaluated using the 2016 edition of API 579 [17], as implemented in Version 5 of the Signal FFS 
software produced by Quest Integrity Inc. Internal pressure was not included in this analysis.. 

 DNV-GL-RPF108 with BS 7910 Option 2 FAD – the material stress-strain curve and the fracture 
toughness were the same as for the strain based FAD analysis. The primary membrane stress was 
obtained from the stress-strain curve. The primary bending stress was derived using the Neuber notch 
analysis and a uniform (membrane) welding residual stress equal to SMYS was included; this was allowed 
to relax with the applied loading. 
The calculations were carried out using the CrackWise5 software package. The method is equivalent to 
the external surface flaw route in the first line of Table 3-1 of DNVGL-RP-F108 using the cylinder 
solution for the reference stress (P.10.4 of BS 7910). The BS 7910 method is intended to be 
conservative; no additional safety factor was included in the analysis. Internal pressure was not included 
in this analysis as the DNV approach requires elastic-plastic cracked body finite element analysis when 
internal pressure is combined with longitudinal strains over 0.4%.  

 ExxonMobil – the most conservative Option 1 (Table 2) approach was used. The 95% confidence (or 
safety) factor presented in [21] was not applied to the calculated TSC, in order to allow a comparison 
with the other models that do not include an explicit safety factor. For the onshore pipeline the wall 
thickness is slightly below the 13 mm lower limit of the ExxonMobil model, see Table 2, but the margin 
is small and within typical manufacturing tolerances. 

 CRES – the welding process was assumed to be SMAW, as this gives a lower predicted TSC than the 
GMAW variant. The Level 2 approach was used with an apparent CTOD toughness calculated from 
the assumed Charpy energy of 80 J, giving an input of 0.314 mm. No additional safety factor was 
included in this analysis. 

 University of Gent – The mismatch variability factor Cm was assumed to be 1.0. The mismatch flaw 
depth factor Cd was calculated as 1 + 0.5 * 0.15, based on the assumed weld metal mismatch of 1.15 or 
15% overmatching. A pressure correction factor of 0.5 was applied to the calculated TSC; no further 
safety factor was used.  

 EPRG Tier 2 – This can be considered as an approach for calculating a tolerable defect size for a TSC 
up to 0.5%, where for a 3 mm high defect the maximum allowable length is seven times the thickness, 
giving lengths of 89 mm and 111 mm . These are plotted as points in Figures 3 and 4. 

Results of TSC Analyses  

The TSC for the 914 mm diameter gas pipeline is plotted as a function of the crack length in Figure 3. This 
shows that for crack lengths below about 80 mm the University of Gent and ExxonMobil models are 
predicting higher capacities that the other models, even though the pressure reduction factor of 0.5 proposed 
in [25] has been used for the Gent model. Despite its simple approach, the EPRG Tier 2 result is in good 
agreement with the other four predictions at 0.5% strain.  
 
The EPRG method cannot be used to predict the variation of TSC with crack length. The remaining models 
all show the expected trend of decreasing TSC as the crack length increases, with the ExxonMobil model 
showing the greatest decrease in capacity. This may be because it includes ductile tearing in the underlying 
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analyses, whilst the CRES and Strain Based FAD methods are based on crack initiation. Including tearing 
will increase the effective toughness and so the TSC will increase. For the assessment of an existing pipeline 
it is, however, encouraging to note that all five models predict TSCs above 0.5% for a 50 mm long defect, a 
typical length for a workmanship based approach. This suggests that there may be some margin for tolerating 
longitudinal strains in an existing pipeline if the girth welds can be shown to achieve the required level of 
toughness. 
 
Results for the smaller diameter but thicker walled case are shown in Figure 4. With the exception of the 
EPRG Tier 2 approach, the TSC has increased. This is probably mainly due to the increased wall thickness, 
as the same defect height, 3 mm, has been used for this case as for the thinner walled case. Where the model 
has a pressure correction, the low design factor will cause the correction to operate and produce an increase 
in the TSC. 
 

Discussion of Predictions for Case Study Pipelines 

Capacity predictions are shown in Figure 5 and Figure 6 for the CSC and TSC respectively. They show that 
the small diameter, thick walled, Case 2 pipeline has a much greater CSC than the Case 1 pipeline; the DNV 
model shows the greatest difference. The CSA model predicts the lowest capacities for both geometries. The 
DNV model also shows the greatest effect of internal pressure, although there is also a large effect in the 
predictions from the Dorey model. The CSC is increased at the higher internal pressure, although the effect 
of internal pressure varies, with the CSA and CRES models showing virtually no effect and the Dorey and 
DNV models the greatest effect. 
 
Comparison of the TSC models is more difficult than comparison of the CSC models, as the TSC is 
dependent on the dimensions of the crack. Two crack lengths are shown for the capacity predictions in 
Figure 6; in all cases the crack was assumed to be surface breaking with a height of 3 mm. The shorter length 
of 20 mm is marginally less than typical workmanship limits, but greater than the example NDE detection 
capabilities given in Annex T of BS 7910 for both surface breaking and embedded defects. These example 
capabilities do not, however, include ILI systems. The larger length of 100 mm was selected based on the 
results in Figures 3 and 4 which show that by this length the TSC is approaching a constant value. Note that 
no result is shown for the EPRG Tier 2 approach for the 100 mm long Case 1 crack, as the limiting crack 
length is 90 mm for this model in 12.7 mm thick material. No additional safety factors have been added to 
the predictions. 
 
With the exception of EPRG Tier 2, the results show a greater TSC for the thicker Case 2 pipe, due to the 
fixed height crack occupying a smaller proportion of the wall thickness. However, the difference is relatively 
small for all the models except CRES at short crack lengths. There is no effect of wall thickness (or crack 
length) on the prediction for the EPRG Tier 2 model as this has a fixed capacity of 0.5%. The highest 
capacities are predicted by the Exxon-Mobil model, followed approximately by the University of Gent and 
CRES models. Discounting the EPRG Tier 2 model, due to its formulation, the strain based FAD and 
BS 7910 approaches show the smallest effect of crack length; this is likely to be due to the there being little 
variation in the stress intensity factors with crack length. 
 
Gordon et al. recently [30] compared the TSC predictions of the CRES and ExxonMobil (without the 95% 
safety factor) models for a DN 900 grade L485 pipeline with a 3 mm high, 50 mm long defect. They carried 
out sensitivity studies covering a range of wall thicknesses, design factors, girth weld overmatching and high-
low and fracture toughness. They assumed the tensile strength was fixed at the specification minimum but 
varied Y/T; this resulted in some cases having actual yield strengths below SMYS. It is not clear whether this 
was an oversight or intended to simulate the effects of anisotropy in UOE pipe. Both models were considered 
to be highly sensitive to weld metal overmatch and high-low, but had low sensitivity to wall thickness, internal 
pressure and a Luders plateau in the stress-strain curve. A programme of curved wide plate tests showed that 
the ExxonMobil model gave more accurate predictions than the CRES model, but with greater scatter. The 
mean plus two standard deviations prediction of the ExxonMobil model was in reasonable agreement with 
the safety factor proposed in [21]. 
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CONCLUDING REMARKS 
The main conclusions from this review are: 

 There are models available for assessing the compressive and tensile strain capacity of an existing 
pipeline, but in many cases there are limits on the range of applicability and additional material 
property data are required for their use. For most models the extent of validation and the safety 
factors are not known. 

 Calibrated and validated safety factors are required for the strain capacity models. 
 The material property data required to use the strain capacity models are unlikely to be directly 

available for most existing pipelines. Particular issues are: 
o Additional material data are required for strain based design and assessment such as the 

uniform elongation and the strain hardening exponent. 
o Mechanical properties are required in the longitudinal direction, whilst (with the 

exception of seamless pipe) normal mill testing is in the hoop direction. 
o Fracture toughness data (CTOD or the J-integral) are required for girth welds. 
o Potential gaps in the material requirements might be covered by the use of empirical 

correlations, e.g. with reference to Charpy toughness tests. The validity must be judged 
separately for each single case. 
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Table 1: Summary of Inputs to Compressive Strain Capacity Models 

Method Grade Y/T D t, mm D/t 
Weld effects 

(1) 

Geometric 
Imperfections 

(1) 

Internal 
pressure 

Luder’s 
Plateau 

Comments 

CRES [11] 
X52 to 

X100 (2) 

0.70 
to 

0.96 

DN 150 
to 

DN 120
0 (2) 

< 24 
(2) 

20 to 
104 

No Yes, < 0.3 * t 
Yes, < 80% 

SMYS 
Option, < 0.02 

max strain 
Model derived from fit to FEA results. Imperfection is a 
periodic undulation. 

Dorey [10] 
X52 to 

X80 

0.79  
to 

0.89 
NS NS 50 to 90 

Yes, 
misalignment 
up to 3 mm 

Yes, < 0.3 * t 
Yes, < 80% 

SMYS 
Option 

Y/T set at SMYS / SMTS in material models; UEL fixed at 
12% with linear interpolation between yield and UEL. 
Imperfection is a single outwards bulge. 

DNV [1] NS (3) NS (3) NS NS (4) < 45 (5) Yes No Yes No 
Welds included through girth weld partial factor αgw; see 13 
D 1000. This is a function of D/t. 

C-FER [3] NS NS NS NS NS No No Yes No 
Ramberg-Osgood exponent n included in model; strain 
capacity defined on 1D gauge length  

CSA [6] NS Not inc. NS NS NS No No 
Increase CSC 

if < 40% SMYS 
No 

Strain hardening and geometric effects implicitly included 
by calibration process 

 
Notes for Table 1: 
 NS = Range for this is Not Stated; Not inc = Not included in the model 

1) This refers to an explicit term in the model; it does not include “implicit” effects from calibration against test data 
2) Range of experimental data used for calibration. 
3) Maximum grade for C-Mn pipe in Table 7-5 is 555 (equivalent to L555 or X80) and maximum Y/T for linepipe is 0.93. 
4) Minimum nominal wall thickness in Safety Class High is 12 mm. 
5) Original version; 15 ≤ D/t ≤ 45 in October 2017 edition. 
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Table 2: Summary of Inputs to Tensile Strain Capacity Models. 

Method Grade Y/T D 
t, mm 

(3) 
a 

mm 
l 

mm 
Weld high-low 

Weld 
Overmatch 

Defect 
Types (1) 

Internal 
pressure 

Fracture toughness 
Max 

TSC % 
Comments 

DNV-OS-F101 
general X80 

max 

≤0.93   3 t or 2*t  
Required 

S 
No 

Charpy see Tables 7-
5 and 7-6 

0.4 
No analysis required if Appendix D & E 
workmanship requirements are met 

DNV-OS-F101 
ECA static 

≤0.90  
Function of thickness, 

toughness and strain level 
(4) S SENT R-curve 2.25 

Strains above 2.25% possible with additional 
testing. FEA required for  internal pressure. 

DNVGL-RP-
F108 

Any for general  As BS 7910 (4) Required I, E, B Yes 
SENT R-cuve for 
strain > 0.4% 

 
FEA required for  internal pressure, undermatched 
welds 

BS 7910  
(7) 

Any 

Limited by stress 
intensity factor 
and reference 

stress solutions 

(4) Assumed;  I, E, B No 
SENB, initiation or 
R-curve 

 

Stress based, estimate stress from σ–ε curve at strain 
of interest.  
Collapse solution for surfact breaking defects only 
Use Annexes I & P for undermatched weld 

EPRG Tier 2 
X80 
max 

≤ 0.90 
 

5 to 30 
Min 

(5 mm, 
0.5*t) 

Function 
of t, 

≤ 7 * t 
Not stated 

Required, 
see [2] 

S No 
30/40 J full size 
Charpy 

0.5% Maximum strain 0.5% 

Strain based 
FAD 

Any 0.2 * t 
 

Not included Assumed I, E, B No SENB  Proposed approach, no validation 

CRES Level 1 
X56  
to 

X80 

0.75  
to 

 0.94 

DN 300 
to 

DN 
1200 

12.7 
to 

25.4 

0.05 * t 
to 

0.5 * t 
 

t 
 to  

20 * t 

Included in 
model 

up to 3.2 mm 
or 0.2 * t 

Required, 
input  

< 1.3 on 
tensile 

strength 

S 
Increase 
TSC if 

DF < 0.6 

Estimate from CVN UEL Look-up tables give TSC 

CRES Level 2 
Estimate from CVN 
or use SENB tests 

UEL 
Equations give TSC; equations depend on weld 
process (narrow gap or conventional bevel) 

CRES Level 3a SENT UEL Use Level 2 TSC equations with SENT toughness 
CRES Level 3b SENT R-curve UEL Use Level 2 TSC equations in tearing analysis 
CRES Level 4 User defined initiation or tearing analysis UEL For cases outside equations 
ExxonMobil 
Option 1 (3,7) 

X80 
max 

in test 
data 
(5, 6) 

≤ 0.90 

DN 200 
– DN 
1200 

tested, 
no 

limits 
stated 

>13 
Min 

(5 mm, 
0.25 * t) 

Min 
(125 mm,  

5% 
circum.) 

Included in 
model 

up to 4 mm 
or 0.2 * t 

Required, 
model 

parameter 
≥ 1.15 on 

tensile 
strength 

S 
Increase 
TSC if 

DF < 0.4 

δ  > 0.25 mm or 
δm > 0.15 mm  

2 
Option 1 uses Option 2 equations with fixed low 
toughness, δ 1mm = 0.5 mm 
Charpy specimens all fully ductile at MDMT 
Parent UEL > 5% 
Confirmation by test not required 

ExxonMobil 
Option 2 (3,7) 

SENT R-curve 
Ave δ 1mm  ≥ 0.8 mm 
Min δ1mm  ≥ 0.7 mm 

2 

ExxonMobil 
Option 3 (3,7) 

≤ 0.92 >10 
SENT R-curve 
Ave δ 1mm  ≥ 0.7 mm 
Min δ1mm  ≥ 0.6 mm 

3 Use Option 2 equations; confirm by full scale tests 

ExxonMobil 
Option 4 (3,7) 

User defined analysis including Y/T, misalignment, defects, internal pressure, weld overmatch and geometry etc. 3 Full scale testing required to confirm analyses 

University of 
Gent 

X80 
max 

≤ 0.90 
DN 750 

and 
over 

< 30 < 0.3 * t 
 

Not included 
Correction 
based on 

flow stress 
S 

Factor  
* 0.5 if 

DF ≥ 0.5 

60/80 J full size 
Charpy 

UEL? 
Not clear if model valid below DN 750 
Pressure correction not known for DF ≠ 0.5. 
Y/T up to 0.93 if verified by full scale testing 
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Notes for Table 2: 

1. Defect types – I – internal surface, E – external surface, B – buried (embedded), S – surface, either internal or external. Standard assumption is that embedded defects 
are conservatively represented by surface breaking. 

2. Proposed Annex to API 1104. 
3. All models assume equal nominal thickness pipes – no thickness transitions 
4. Additional primary bending stress caused by high-low can be included either through Neuber notch analysis or other means 
5. Maximum grade not stated. 
6. Proposed Annex to API 5L for “PSL 2 pipe ordered for applications requiring longitudinal plastic strain capacity” will be applied 
7. Similar approach could be used with API 579. 

 
 
 
 
 

Table 3: EPRG Weld Defect Guidelines Tier 2 Size Limits. 

Defect Height a (mm) (with a ≤ 0.5t) ≤ 3 3 < h ≤ 4 4 < h ≤ 5 

Allowable defect length limit, l (mm) ≤ 7 * t ≤ 5 * t ≤ 3 * t 
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Figure 1: Example strain based FADs. 

 
 

Figure 2: University of Gent analysis of wide plate data; from [24]. 
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Figure 3: Comparison of TSC predictions for an onshore gas pipeline. 

 
 
 

 
Figure 4: Comparison of TSC predictions for an offshore pipeline. 
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Figure 5: CSC predictions for case studies. 

Note: DNV results are for DNV-ST-F101 [1]. 
 

 
Figure 6: TSC predictions for case studies with two crack lengths. 
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